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ABSTRACT 

Apparatus was developed for 

necessary to separate small spec 

/ 3 0  3”  

the measurement of the force 

mens of metal cleaned and jo,ned 

in ultrahigh vacuum. Equipment previously used under Contract NASr- 

48 for repeatedly fracturing and rejoining a single specimen was 

fitted with indexing specimen holders so that eight cohesion tests 

could be made with a single pumpdown. 

The fracture-rejoin technique eliminates the surface cleaning 

problem and permits acquisition of data characteristic of the 

metal itself; it is not applicable to dissimilar metal pairs. Both 

similar and dissimilar combinations of the following metals at two 

hardness levels were studied -- copper, copper-beryllium alloy, 1018 
steel, 4140 steel, 440C steel and titanium. The cleaning method used 

was wire brushing. 

Both flat faced and chisel edged specimens were used: the 

rectangular faces or chisel edges being crossed. All tests were at 

room temperature and at pressures between 10-8 and torr. Three 

runs (24 tests) were made with flat specimens and one run (8 tests) 

with chisel edge specimens. Cohesion occurred only between flat 

faced soft copper spec-imens wire brushed in vacuum. The cohesive 

force varied from 8 to 120 lbs. after a compressive force of 2000 lbs. 

and appeared to depend primarily on the thoroughness of wire brushing. 

f l  U < , i t (  
The need for further tests is emphasized. 



FOREWORD 

This is  the summary r e p o r t  of w o r k  performed i n  t h e  Research 

Div is ion  of Nat ional  Research Corporation, under Contract  No. NASw- 

734 f o r  NASA Headquarters, and covers the period March 1, 1963 t o  

November 1, 1963., 

The genera l  object of the work i s  t o  o b t a i n  a d d i t i o n a l  inform- 

a t i o n  a s  t o  the condi t ions  under which meta ls  and a l l o y s  of engineer- 

ing importance f o r  space app l i ca t ions  w i l l  adhere t o  one another  with 

s u f f i c i e n t  t e n a c i t y  t o  h inder  t he  r e l a t i v e  motion o r  subsequent 

s epa ra t ion  of components of mechanicai and e l e c t r i c a l  devices ,  used 

i n  space explora t ion .  Such devices  include bea r ings ,  so lenoids ,  

valves ,  s l i p  r i n g s ,  mating f langes,  con ica l  rendezvous mating su r faces  

and s i m i l a r  components. 

Major c o n t r i b u t o r s  t o  t h i s  program w e r e ,  D r .  Frank C. Benner, 

Program Direc tor ;  Mr. John L. Ham, Research Associate;  Mr. Charles 

Mariano, Phys ic i s t ,  a l l  of the National Research Corporation and 

D r .  George S. Reichenbach, Associate Professor  and Consultant,  

Massachusetts I n s t i t u t e  of Technology. 
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INTRODUCTION 

Research on the tendency of c l ean  meta ls  t o  s t i c k  toge the r  i n  

h igh  vacuum has  been c a r r i e d  on a t  Nat ional  Research Corporation f o r  

the p a s t  three yea r s  (1 ,2 ,3)  under NASA Contracts  NASr-48 and NASw- 

734. 

The genera l  objective has  been t o  o b t a i n  a d d i t i o n a l  information 

a s  to t h e  condi t ions  under which metals  and a l l o y s  of engineer ing 

importance f o r  space app l i ca t ions  w i l l  adhere t o  one another  w i th  

s u f f i c i e n t  t e n a c i t y  t o  hinder  the  r e l a t i v e  motion o r  subsequent 

s epa ra t ion  of components of mechanical and e l e c t r i c a l  devices  used 

i n  space explora t ion .  Such devices inc lude  bear ings ,  solenoids ,  va lves ,  

s l i p  r i n g s ,  mating f langes ,  conica l  rendezvous mating su r faces ,  etc. 

Under Contract  NASr48 techniques w e r e  developed for eva lua t ing  

t h e  cohesion of metals  a t  var ious temperatures by repea ted ly  f r a c t u r i n g  

and r e j o i n g  notched t e n s i l e  specimens i n  u l t r a h i g h  vacuum. Two types  

of appara tus  w e r e  used: 1) a d i f f e r e n t i a l  expansion device and 

2 )  a s c r e w  d r i v e  device.  The l a t t e r  was found t o  be t h e  better.  The 

maximum cohesion obtained a t  room temperature was about 65% f o r  copper, 

19% f o r  1018 steel, and ze ro  percent  f o r  hardened 52100 steel. Time 

i n  con tac t  appears  t o  be an important f a c t o r  for copper a t  2OOOC and 

above. Both 1018 steel and 52100 steel w e r e  "se l f -c leaning"  a t  500OC; 

the former showing repeated readings near  100% cohesion, and the 

l a t t e r  i nc reas ing  i n  percent  cohesion wi th  each successive break a t  

5OOOC. 
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However, hardness turned out t o  be an important v a r i a b l e  wi th  

r e s p e c t  t o  cohesion, and it was found t h a t  a t  room temperature copper 

o r  m i l d  s teel  when repea ted ly  f r a c t u r e d  and r e jo ined  i n  vacuum 

exh ib i t ed  less and less cohesion even a t  ambient p re s su res  be l ieved  

t o  be t o o  l o w  t o  p e r m i t  s i g n i f i c a n t  contamination i n  t h e  t i m e  a v a i l -  

ab le .  These i n i t i a l l y  s o f t  m e t a l s  w e r e  work hardened by t h i s  t r e a t -  

ment and the successive reduct ions  i n  cohesion a r e  a sc r ibed  t o  t h i s  

hardening. 

52100 steel a t  room temperature when t e s t e d  i n  a s i m i l a r  manner. 

N o  cohesion could be measured on i n i t i a l l y  hard h e a t  t r e a t e d  

Although there a r e  many o ther  important v a r i a b l e s  such a s  temp- 

e r a t u r e ,  t i m e  i n  con tac t ,  degree of deformation i n  compression, 

S i i c i i n y ,  etc., it w a s  considered m o s t  important,  from a p r a c t i c a l  

s tandpoin t ,  t o  first a s s e s s  the tendency of var ious  commonly used 

a l l o y s  t o  s t ick toge the r  a t  room temperature without s l i d i n g  o r  

severe deformation. It  was a l s o  considered advisable  t o  determine 

t h e  behavior of c l ean  su r faces  before  a t tempting t o  s tudy  the complex 

v a r i a b l e  of degree of contamination. 

temperature can remove only c e r t a i n  physisorbed gases  (4)  and only 

mild hea t ing  i n  vacuum can be t o l e r a t e d  when the e f f e c t  of w o r k  hard- 

ening or even of hardening by hea t  t rea tment  i s  t o  be evaluated.  

Exposure t o  vacuum a lone  a t  room 
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Therefore,  i n  t h e  present  con t r ac t  (NASw-734) t h e  equipment 

was modified t o  permit contact ing a number of specimens success ive ly  

wi thout  breaking the  vacuum. Means f o r  c leaning the su r faces  of 

these specimens while  under vacuum were also provided. The f irst  

method success fu l ly  used was w i r e  brushing. Some development of 

a second method, ion  bombardment, was a l s o  begun and t h i s  work is  

descr ibed  i n  Appendix A .  

The m a t e r i a l s  s tud ied  f o r  cohesion/adhesion p r o p e r t i e s  w e r e  s o f t  

and hard specimens of each of the following: 0 . F . H . C .  copper, 1018 

steel, 440C s t a i n l e s s  s teel ,  4140 steel ,  Cu-Be a l l o y ,  commercially 

pure t i t an ium,  and co in  s i l v e r .  

APPARATUS 

The appara tus  cons is ted  of a s t a i n l e s s  steel vacuum chamber 

w i t h  the accesso r i e s  necessary t o  j o i n  and sepa ra t e  small  metal  

specimens i n  u l t r a h i g h  vacuum and t o  measure the fo rces  involved, 

The major components w e r e  developed and used i n  previous programs. 

Fig. 1 shows the loading and fo rce  measuring devices  w h i c h  

communicate w i t h  t h e  i n s i d e  apparatus  through a f l e x i b l e  metal  

bellows. Beneath the dome i n  Fig. 1 hangs t h e  appara tus  shown i n  

Figs. 2 and 3. S ix teen  specimens ( e i g h t  p a i r s )  can be mounted on 

t h e  w h e e l s  shown i n  Figs .  2 and 3 ,  and indexed t o  b r ing  d i f f e r e n t  

m a t e r i a l  combinations toge ther  o r  t o  expose a given su r face  f o r  

c leaning.  
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Figure  1 - Screw D r i v e  Cohesion T e s t i n g  Apparatus (outside) 
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FIGURE 2 - COHESION TEST APPARATUS 
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A twelve-inch long spool piece is  now loca ted  between t h e  dome 

and the bowl of Fig. 1 (but  n o t  shown i n  f i g u r e ) .  

The spool p iece  accommodates windows, f o r  p r o j e c t i n g  an image 

of t h e  specimens on a screen,and a bellows manipulator f o r  pushing 

and p u l l i n g  a w i r e  brush or o ther  abras ive  t o o l s  i n  and out  between 

specimens j u s t  be fo re  jo in ing .  

The e n t i r e  assembly i s  mounted on a s tandard NRC u l t r a h i g h  

vacuum pumping system wi th  a 10-inch d i f f u s i o n  pump (HS10-4200) 

and s tandard  NRC Chevron type l i q u i d  n i t rogen  t r a p .  Concentric 

"0"-Rings cooled by a c i r c u l a t i n g  r e f r i g e r a n t  a r e  used a t  the j o i n t s  

between the l a r g e  f langes.  

SPECIMENS 

The type  of specimen used is shown i n  Fig. 4. Eight  of t h e s e  

f i t  i n t o  each w h e e l  of Figs,  2 and 3 ,  They a r e  he ld  by hardened p i n s  

which permit e i t h e r  specimen of a p a i r  t o  a d j u s t  i t s e l f  p a r a l l e l  t o  

t h e  o the r .  This minimizes t h e  p o s s i b i l i t y  of misalignment dur ing  either 

compression or t ens ion ,  

The face  widths of t h e  specimens a r e  ad jus t ed  t o  permit  a few 

thousandths of an inch  f ace  depression w i t h  compressive loads  of 2000 

t o  3000 lbs. Some specimens w e r e  machined t o  a c h i s e l  edge ( ze ro  

f ace  wid th) .  The su r faces  a r e  prepared by mounting t h r e e  specimens 

a t  a t i m e  i n  a s p e c i a l  j i g  and abrading w i t h  success ive ly  f i n e r  grades 

of alundum o r  emery paper. T h e  t h r e e  specimens form a t r i a n g l e  i n  

t h e  po l i sh ing  j i g  and a f l a t  p l a t e  i s  used under t h e  ab ras ive  paper. 

This i n s u r e s  specimen f l a t n e s s .  A s l igh t ly  d i f f e r e n t  type  of po l i sh ing  
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j i g  was used f o r  preparing t h e  t w o  f l a t  f aces  of 90° c h i s e l  type 

specimens. J u s t  be fo re  mounting i n  the tes t  wheel, each specimen 

is given one r u b  on d ry  No .  000 paper,  

The hard specimens of 0.F.H.C copper and 1018 steel  w e r e  made 

d i r e c t l y  from cold  drawn 3/4-inch diameter b a r  s tock.  The s o f t  

copper and s o f t  1018 steel specimens w e r e  made from t h e  same s tock  

a f t e r  annealing. The 3/4-inch diameter t i t an ium stock could be 

obtained only i n  the condi t ion  r e f e r r e d  t o  commercially a s  "annealed". 

Actua l ly  t h i s  condi t ion  i s  q u i t e  hard  so t h a t  by annealing a po r t ion  of 

such a bar b a t h  hard sild soft m a t e r i a l s  were rbtaiiled, n e  Cii-Be 

a l l o y  (No.  25)  was machined t o  s ize  from 3/4-inch diameter b a r  s tock 

i n  t h e  s o l u t i o n  t r e a t e d  condi t ion and some of the specimens hardened 

by t h e  s tandard aging t rea tment  p r i o r  t o  f i n i s h i n g  on t h e  N o .  000 

paper and bevel ing by gr inding.  The 440C s t a i n l e s s  steel  and the 

4140 s teel  specimen w e r e  machined t o  s i z e  from s o f t  ba r  s tock except  

f o r  ,010 inches t o  be removed from t h e  f ace  of the hard ones by 

su r face  gr inding  t o  remove decarburized metal  p r i o r  t o  f i n i s h i n g  

on t h e  000 paper. The 4140 s t e e l  was drawn t o  about 50 Rockwell C, 

The 440C steel and Cu-Be was l e f t  a t  maximum hardness.  

The specimens prepared a r e  descr ibed  i n  Table I. Some of t h e s e  

specimens w e r e  re-machined t o  a c h i s e l  po in t .  

Table I1 shows t h e  sample combinations s e l e c t e d  f o r  t e s t i n g .  
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TABLE I 

Number of Specimens Required 

of each Mater ia l  and Face Width 

Mater ia l  IFace Width 
5 ( inches)  ---+--- I 

S o f t  Copper I .25 

Hard Copper I .25 

S o f t  1018 

Hard 1018 

S o f t  440C 

Hard 440C 

S o f t  4140 

Hard 4140 

i * 18 

-25 
-18 

I 

-25 
0 13 

.25 
13 

-25 - 13 
08 

.25 
0 10 

-25 
0 10 

N u m b e r  
Required 

35 

2 
4 

2 
16 

2 
5 

2 
5 

2 
2 
4 

2 
5 

2 
5 

~~ 

Materia 1 

S o f t  Cu-Be 

Hard Cu-Be 

S o f t  T i  

Hard T i  

S o f t  
Coin S i l v e r  

Hard 
Coin S i l v e r  

Face Width 
'( inches ) 

-25 - 15 
.25 
15 

0 10 

-25 
-22 

-25 
-22 
14 

- 
- 

- - 

N u m b e r  
Required 

2 
5 

2 
2 
4 

2 
5 

2 
2 
4 

2 
5 

2 
5 



TABLE I1 

SAMPLE COMBINATIONS FOR 1963 COHESION TESTS 

S 

* Multiple tests for comparison of wire brushing and ion 

x Single tests with either wire brushing or ion bombardment. 
s Soft H Hard 

bombardment. 
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EXPERIMENTAL PROCEDURE 

Four tes t  runs  w e r e  made. I n  each case a l l  s ix t een  s t a t i o n s  of 

the indexing w h e e l s  w e r e  f i l l e d  with specimens selected from Table I1 

and prepared a s  a l r eady  described. The system was baked out  under 

vacuum be fo re  each run, using quar tz  lamps mounted i n s i d e  the vacuum 

chamber. The specimen holders reached 250 t o  28OOC during bake out.  

I n  m o s t  cases  the specimens w e r e  w i r e  brushed j u s t  before  jo in ing  by 

means of  a very small  two-sided s t a i n l e s s  steel  brush a c t i v a t e d  by 

a rod through a flexible bellows. The specimens w e r e  indexed t o  

face one azotlier and were c i o s e  enough toge the r  t o  cai se some d is -  

t o r t i o n  of the brush a s  it passed between t h e m .  However, due t o  

mechanical d i f f i c u l t i e s ,  the specimens w e r e  brushed a s  thoroughly 

a s  was d e s i r e d  i n  only one of the  runs.  

b rush  the chisel edge specimens. 

N o  a t tempt  was made t o  

Forces ranging from 1400 t o  3000 pounds w e r e  used f o r  j o in ing  

and f o r c e  was gene ra l ly  appl ied  fo r  60 seconds. It  usua l ly  r equ i r ed  

about 30 seconds t o  g e t  the specimens toge the r  a f t e r  brushing. 

t h i s  t i m e  the p res su re  was between 

During 

and lo-' t o r r .  

A f t e r  t e s t i n g ,  the specimens w e r e  examined under the microscope and 

the amount of "deformation" (depth of impressions) was measured. 

Exceptions t o  these genera l  procedures w i l l  be brought ou t  i n  

the fol lowing sec t ion .  
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EXPERIMENTAL RESULTS 

RUN NO. 1 

Four s o f t  copper and four  s o f t  1018 specimens w e r e  mounted 

i n  each w h e e l  and t h e  apparatus  was pumped down and baked out a t  

25OOC. Although t h i s  

was no t  q u i t e  a s  l o w  a s  expected, it was decided t o  proceed w i t h  

the tes ts  i n  order t o  uncover any o ther  poss ib l e  d i f f i c u l t i e s .  

Mechanically t h e  apparatus  worked very w e l l  except  f o r  t h e  w i r e  

brushing. Compressive loads  t o  3000 pounds w e r e  used and t h e  

indexing and load measuring devices worked w e l l .  However, brushing 

by l a t e r a l  motion of t h e  b e l l o w s  proved d i f f i c u l t .  

l a t e r  r e i o c a t e d  t o  permit push-puii brusning. j  

Pressure  a f t e r  cool ing w a s  2 x lo-* t o r r .  

(The brush was 

I n  these tests it took about a minute t o  g e t  t h e  specimens 

toge the r  a f t e r  brushing. This w a s  p a r t l y  due t o  inexperience wi th  

t h e  appara tus  and p a r t l y  t o  an attempt t o  measure the exac t  amount 

of compressive deformation by means of a l i g h t  beam, a mi r ro r , a  

p r o j e c t i o n  l e n s  and a ground g l a s s  screen.  For t h e  small  amounts of 

deformation des i r ed  t h i s  i s  q u i t e  d i f f i c u l t .  Pressure between clean- 

ing  and jo in ing  var ied  from 8 x lo-’ t o  2 x 

app l i ed  for one minute except for  one ten-minute t es t  on t h e  steel. 

t o r r .  Force was 

The r e s u l t s  of Run No. 1 a re  given i n  Table 111. It requi red  

only 32 pounds t o  p u l l  the first p a i r  of copper samples a p a r t  a f t e r  

one minute i n  con tac t  a t  1400 pounds (208300 p s i )  during which one 

f a c e  was indented 2.7 m i l s  and the o ther  2.2 m i l s .  I n  t h e  second tes t  

on copper, 1900 pounds (24,400 p s i )  was appl ied  wi th  cons iderable  
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r e s u l t i n g  deformation b u t  it required only 24 pounds t o  p u l l  t h e  

samples a p a r t .  I n  t h e  t h i r d  test a s a f e t y  p i n  was sheared o f f  

a t  2600 lbs, and no da ta  obtained. I n  the f o u r t h  tes t ,  copper 

samples w e r e  pushed toge ther  with 1900 pounds fo rce  (29,000 p s i )  

wi thout  w i r e  brushing,  N o  s t i c k i n g  occurred. (Poss ib ly  m o r e  of 

t h e  su r face  was e f f e c t i v e l y  brushed i n  test  one than i n  t e s t  two, 

though t h i s  was n o t  ev ident  on v i s u a l  i n spec t ion , )  

Three of t h e  s o f t  s teel  p a i r s  w e r e  jo ined  a t  3000 pounds 

(83,000 t o  88,000 p s i )  a f t e r  w i r e  brushing b u t  no cohesion occurred 

even though some 

&served , 

Examination 

only p o r t i o n s  of 

brush s c r a t c h  on 

compressive deformation (0.1 t o  1.6 m i l s )  was 

of the samples a f t e r  t e s t i n g  showed p l a i n l y  t h a t  

the mating sur faces  w e r e  e f f e c t i v e l y  brushed. Each 

t h e  copper was b r i g h t  red.  Apparently, the b r i g h t  

red  type  of oxide, o r  oxide of a th ickness  such t h a t  it appears red ,  

forms i n  vacuum a t  room temperature. On s tanding i n  a i r  the co lor  

g radua l ly  changed t o  t h e  co lor  usua l ly  a s soc ia t ed  with copper, 

RUN NO, 2 

Eight copper specimens and e i g h t  s o f t  1018 steel  specimens w e r e  

po l i shed  on 000 a l o x i t e  ab ras ive  paper a s  usua l .  With four  s o f t  copper 

specimen p a i r s  and four  1018 specimen p a i r s  i n  p lace ,  t h e  appara tus  

was pumped down and baked out  a t  280OC. The maximum pressure  (4.4 x 

torr) occurred a t  225OC. F ina l  pressure  a t  282OC w a s  1.5 x 

F ina l  pressure  a t  room temperature was 1.0 x 10-9 t o r r .  t o r r .  

p a i r  of specimens (except one) w a s  then  w i r e  brushed and pushed together 

Each 
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u n t i l  it deformed about ,010 inches (-005 inches on each s i d e ) .  One 

of the copper p a i r s  was pushed toge ther  without  w i r e  brushing and 

one p a i r  was allowed t o  s tand for  10 minutes a t  1.4 x t o r r  a f t e r  

w i r e  brushing be fo re  being pushed toge ther .  

i n  compression f o r  11 minutes . 
One steel p a i r  w a s  he ld  

The r e s u l t s  and exac t  condi t ions  of t h e  t e s t s  a r e  recorded i n  

Table I V .  

A l l  of the s o f t  copper specimens except  t he  one no t  w i r e  

brushed s tuck  toge ther  with measurable force ,  bu t  none of t h e  steel  

specimens s tuck toge ther  wi th  measurable force.  The l a r g e s t  cohesive 

force ohtailled was 120 I b s .  (1?90 p i )  which represents a cohesion 

c o - e f f i c i e n t  of 120/2000 or  0.06. I n  t h i s  t e s t  the specimens w e r e  

i n t e n t i o n a l l y  l e f t  a p a r t  f o r  10 minutes a t  1.4 x lo-’ t o r r .  

t h i s  r e p r e s e n t s  an exposure of only 1.4 x t o r r  min. w h i c h  i s  

s u f f i c i e n t  f o r  only a small  f r a c t i o n  of a monolayer t o  form. There- 

fo re ,  it was assumed t h a t  the c l e a n l i n e s s  of all three of the s tuck 

copper p a i r s  was t h e  same. 

However, 

From T e s t  No .  3 and from the  previous run,  t h e  brushing is  

known t o  be e f f e c t i v e  e i t h e r  because of the roughening e f f e c t  or t h e  

cleaning e f f e c t  o r  both,  and it is be l ieved  t h a t  t h e  thoroughness of 

the brushing was about t h e  same f o r  a l l  t h e  specimens i n  t h i s  run. 

Therefore,  s i n c e  the three cohesion va lues  obtained c o r r e l a t e  w i th  

t h e  appl ied  stress and s t r a i n  it is  concluded t h a t  the observed 

d i f f e r e n c e s  i n  cohesive fo rce  r e f l e c t  t hese  small  i nadve r t an t  

d i f f e r e n c e s  i n  con tac t  area and load. The specimen not  w i r e  brushed 

gave zero  cohesion even though t h e  stress was 29,900 p s i  and t h e  

deformation was 11.8 m i l s .  The f a c t  t h a t  t h e  s teel  d i d  n o t  bond 

even i n  11 minutes a f t e r  9.1 m i l s  t o t a l  deformation i n d i c a t e s  t h a t  

e i t h e r  hardness  or  degree of roughening o r  bo th  a r e  indeed important 
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f a c t o r s ,  The brushing causes less roughening of t h e  steel  than  of 

the copper. 

RUN NO. 3 

I n  Run No.  3 (Table V) f l a t  specimens of t h e  usual  type w e r e  

used i n  an at tempt  t o  determine whether s o f t  copper would s t i c k  t o  

other metals  a s  tenac ious ly  a s  t o  i t s e l f  a f t e r  w i r e  brushing i n  

vacuum, Unfortunately t h e  w i r e  brushing device f a i l e d  during t h i s  

series and it was discovered on subsequent examination t h a t  only 

p a r t  of the su r face  of some specimens had a c t u a l l y  been brushed. The 

es t imated  percentages of contac t  a rea  a c t u a l l y  brushed a r e  given i n  

Table V f o r  each specimen, 

copper and itself anci even i n  t h i s  case the cohesive fo rce  was only 

h a l f  t h a t  previously measured f o r  w e l l  brushed specimens,, A s  the 

t a b l e  i n d i c a t e s ,  none of t h e  m e t a l s  o the r  than copper was brushed 

w e l l  enough t o  determine whether it might s t i c k  t o  s o f t  copper i f  

c l e a n ,  

Adhesion occurred only between s o f t  

A s  shown by T e s t  No .  1 of T a b l e  V, no cohesion occurs between 

s o f t  copper and s o f t  copper i f  the  w i r e  brushing i s  done i n  a i r  

i n s t e a d  of i n  the vacuum even though t h e  brushing i s  very thorough. 

Therefore,  the cleaning e f f e c t  of t h e  brushing must be more important 

than  t h e  roughening e f f e c t ,  and severe cohesion, poss ib ly  equiva len t  

t o  t h a t  observed i n  t h e  previous program between f r e s h l y  f r a c t u r e d  

su r faces ,  remains a p o s s i b i l i t y .  By comparison wi th  some o t h e r  

c leaning  method such a s  ion  bombardment o r  gr inding  o r  machining i n  

vacuum, t h i s  ques t ion  may be resolved. 

the w i r e  brush cleaning i s  even when a l l  t h e  su r face  appears t o  have 

W e  cannot be s w e  how thorough 

been scra tched  by the brush. 

~~ ~ 
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RUN NO. 4 

I n  t h e  fou r th  adhesion test  run (See Table V I )  a new kind  of 

specimen was used, The usua l  4 5 O  beveled edges previously used t o  

de f ine  t h e  w i d t h  of the f l a t  face  w e r e  widened till they  m e t  a t  t h e  

cen te r  forming a 90° chisel edge (zero  f ace  wid th) .  Thus a tes t  

cons i s t ed  of pushing crossed chisel edges toge ther  a t  r i g h t  angles  

t o  one another .  This  was done i n  order  t o  provide a l a r g e  amount 

of deformation w i t h  the fo rce  ava i l ab le ,  i , e .  t o  s imula te  severe  

roughness o r  mismatch. Specimen p a i r s  of bo th  equal  and unequal 

hardness  w e r e  represented  a s  shown by the Table. 

nesses  the deformation w a s  equal rm each side and little or  iiz, 

s l i d i n g  occurred. For unequal hardnesses a l l  of the deformation 

occurred i n  the s o f t e r  specimen and severe s l i d i n g  must have occurred. 

N o  w i r e  brushing was attempted. I n  spite of the l a r g e  amounts of 

deformation and s l i d i n g  no measurable adhesion occurred. However, 

t h e  type  of deformation appl ied  d id  not  g r e a t l y  inc rease  su r face  

a r e a , i . e .  d i d  not  d r a s t i c a l l y  s t r e t c h  the oxide f i l m .  

For equal  hard- 

This was an unexpected r e s u l t ,  and must mean t h a t  t h e  oxide 

l aye r  on copper can wi ths tand  some s t r e t c h i n g  and s l i d i n g  without  

rup tu re .  It a l s o  means t h a t  deformation and s l i d i n g ,  though 

poss ib ly  necessary,  a r e  no t  always s u f f i c i e n t  cond i t ions  f o r  adhesion. 

It is  be l i eved  t h a t  no mobile adsorbed f i l m s  w e r e  p re sen t  a t  8 x 10’’ 

t o r r  a f t e r  t h e  25OOC bake out .  
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T e s t  

1 

2 

3 

4 

5 

6 

7 

8 

TABLE VI 

Materia 1 Comp . Deformation* Cohesive 
Force ( m i l s )  Force 

TOP ! B o t t o m  (lbs.) Top Bottom (lbs.) 

S o f t  cu 

S o f t  440C / S o f t  Cu 

S o f t  4140 

S o f t  Cu-Be[ 

S o f t  T i  

S o f t  1018 S o f t  1018 2400 

S o f t  T i  

S o f t  1018 1 S o f t  Cu 

S o f t  cu 2400 68 68 0 

2400 0 104 0 
1 

S o f t  Cu 1 2400 I 0 109 1 0 

S o f t  cu 2400 0 115 0 

S o f t  cu 2400 0 108 0 

32 32 0 

S o f t  T i  2400 20 20 0 

2400 1 104 0 

I 

f 
I 

i 
r 

ADHESION RUN NO. 4 

(Crossed 90° Chisel Edges) 
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would have occurred, a t  
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gone conclusion t h a t  s vere  cohesion 

l e a s t  between the two s o f t  copper specimens, 

had some e f f e c t i v e  cleaning method been used-  I n  f a c t  t h i s  type of 

specimen looks very promising f o r  c l a s s i f i c a t i o n  of ma te r i a l  p a i r s  

according t o  their  s t i c k i n g  tendencies.  

DISCUSS I ON 

It  has  been found t h a t  p ieces  of s o f t  copper tend t o  s t ick 

toge the r  a t  room temperature a f t e r  being w i r e  brushed i n  vacuum 

and s l i g h t l y  deformed i n  compression. Pieces of mild s teel  do not  

s t i ck  together under these condi t ions= Wi+_hni~t wire hri~.~hifig, pieces 

of  s o f t  copper do no t  s t i c k  t o  each o ther  o r  t o  harder  metals  i n  

vacuum even though seve re ly  deformed, by a p p l i c a t i o n  of l a r g e  fo rces  

t o  crossed c h i s e l  edges. 

The major v a r i a b l e s  which determine t h e  f o r c e  requi red  t o  

s e p a r a t e  two pieces of metal  joined by a compressive load a r e  hard- 

ness ,  c l e a n l i n e s s ,  deformation, temperature and t i m e .  I t  i s  assumed 

t h a t  maximum adhesion would occur i f  the su r face  could be made 

p e r f e c t l y  f l a t  and c lean .  Whether t h i s  maximum would then r ep resen t  

p e r f e c t  bonding r e g a r d l e s s  of  temperature, hardness  or t i m e  i n  con tac t  

is no t  known. 

Cohesive stresses represent ing  l a r g e  f r a c t i o n s  of the compressive 

y i e l d  stress w e r e  obtained on s o f t  copper and s o f t  steel i n  a 

previous program even a t  room temperature. However, t hese  w e r e  obtained 
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by f r a c t u r i n g  and r e j o i n i n g  wi th  compressive s t r a i n  a t  l e a s t  equal  

t o  t e n s i l e  s t r a i n ,  

which was o f t e n  q u i t e  a l a r g e  s t r a i n .  

g r a i n  on t h e  one su r face  was or ien ted  a t  l e a s t  approximately the same 

a s  t h e  p a r t  l e f t  on t h e  o ther  su r face  and s i n c e  g r a i n  o r i e n t a t i o n  t ends  

t o  inc rease  cohesion, less cohesion might be expected wi th  prepared 

f l a t  s u r f a c e s  under small  amounts of compressive deformation than  

was obtained by t h e  f r ac tu re - r e jo in  technique even i f  su r f aces  a s  

c l ean  a s  f r a c t u r e d  su r faces  can be prepared. 

( s u f f i c i e n t  t o  r e - e s t a b l i s h  t h e  o r i g i n a l  diameter) 

Furthermore, each p a r t  of a 

Bowden and. R-owe (5) have developed fcrn-dae fer p r e d i c t i n g  degree 

of cohesion from hardness  and modulus of e l a s t i c i t y  and r e l a t i n g  it 

t o  f r i c t i o n  c o e f f i c i e n t .  These formulae p r e d i c t  c e r t a i n  maximum 

l i m i t i n g  cohesion c o e f f i c i e n t  va lues  f o r  c lean  s u r f a c e s  t e s t e d  a t  

temperatures  low compared t o  those requi red  f o r  apprec iab le  stress 

r e l i e f  or  d i f f u s i o n  i n  the t i m e  involved. I f  t h e s e  a r e  indeed funda- 

mental l i m i t s ,  then l i t t l e  o r  no cohesion can be expected between 

f l a t  f aces  of t h e  harder  specimens under observat ion;  though apprec iab le  

s t i c k i n g  of hard specimens t o  s o f t  copper might have been expected. 

Though t h e s e  formulae agree wi th  the  maximum cohesion va lues  observed 

by Bowden and Rowe a t  room temperature a f t e r  c leaning i n  vacuum a t  

temperatures  so high a s  t o  cause observable specimen evaporat ion,  

t h e r e  i s  s t i l l  some ques t ion  a s  t o  whether they  apply t o  p e r f e c t l y  

c l ean  su r faces ,  p a r t i c u l a r l y  when they  a r e  q u i t e  smooth. Clean sur-  

f a c e s  can be prepared by hea t ing  i n  vacuum b u t  though c l ean  while  they  

a r e  ho t ,  they  cannot be c l ean  a f t e r  cool ing u n l e s s  t h e  i n t e g r a t e d  

exposure during cool ing i s  less than t h a t  requi red  f o r  t h e  formation 
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of a small  f r a c t i o n  of a monolayer of impinging gas ,  where t h e  

i n t e g r a t e d  exposure i s  def ined a s  the area  under a curve whose 

absc i s sa  i s  t h e  product of the pressure  and the s t i c k i n g  c o e f f i c i e n t  

( func t ion  of temperature) and the o r d i n a t e  i s  t i m e .  I t  is extremely 

d i f f i c u l t  t o  accomplish t h i s  or t o  demonstrate t h a t  it has  been 

accomplished. For example, the c a r e f u l  work of Bowden and Rowe c i t e d  

above d i d  n o t  even approach t h i s  condi t ion.  

Although metal  su r f aces  i n  space a p p l i c a t i o n s  could conceivably 

become p e r f e c t l y  c l ean  due t o  abrasion,  proton bombardment, e tc .  , 

~..~+~ile ipA space, m a t ; n n  surfaces ..-;1 W A L L  1 &..U c A . r r y  ------ A A G V G L  L- uc pGLfectly --- f l a t  or f i t  

p e r f e c t l y  toge ther .  F’urthermore, l a r g e  compressive deformation of 

mating su r faces  would seldom be encountered. 

work i s  t o  c l a s s i f y  meta ls  according t o  adhesive tendencies  under 

p r a c t i c a l  condi t ions ,  and no t  t o  develop cold  welding techniques,  

n e i t h e r  extremely smooth su r faces  nor l a r g e  deformation a r e  of 

p a r t i c u l a r  i n t e r e s t .  However, the i n d i c a t i o n s  a r e  t h a t  un le s s  a more 

e f f e c t i v e  method of su r face  cleaning can be developed, more deform- 

a t i o n  than  i s  now being appl ied  w i l l  have t o  be used i n  order t o  

ob ta in  adhesive fo rces  l a r g e  enough t o  accomplish the des i r ed  

c l a s s i f i c a t i o n  of ma te r i a l s .  S l id ing  o r  f r e t t i n g  a t  v e l o c i t i e s  low 

enough t o  cause l i t t l e  hea t ing  of the bulk  m a t e r i a l s  a r e  be l ieved  t o  

have t h e  same gene ra l  effect a s  deformation app l i ed  by simple compres-. 

s ion ,  i .e.  t o  inc rease  contac t  area and reduce stress g r a d i e n t s  a t  the 

i n t e r f a c e .  Therefore,  i n  the absence of an oxide f i l m ,  s l i d i n g  and 

deformation may be regarded a s  i n t e n s i f i e r s  w h i c h  i f  appl ied  i n  a 

con t ro l l ed  manner could be used t o  b r i n g  adhesive f o r c e s  up t o  

Since t h e  ob jec t  of t h i s  
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convenient ly  measurable values  which w i l l  s t i l l  r e f l e c t  the i n i t i a l  

s t i c k i n g  tendencies  of i n t e r e s t .  I f  it w e r e  no t  f o r  the small  i n i t i a l  

s t i c k i n g  tendency, s l i d i n g  o r  f r e t t i n g  would have no e f f e c t  and 

g a l l i n g  could not  occur. 

However, app l i ca t ion  of con t ro l l ed  amounts of s l i d i n g  and 

deformation i s  d i f f i c u l t .  Data obtained i n  a i r  a f t e r  t w i s t i n g  through 

a f ixed  ang le  under p a r t i a l  normal load i s  so s c a t t e r e d  t h a t  it can 

be analyzed only on a s t a t i s t i c a l  b a s i s  ( 6 ) .  It i s  be l ieved  t h a t  

t h i s  s c a t t e r  ( i n  a i r )  i s  due p a r t l y  t o  the presence of the oxide f i l m .  

However, slow s l i d i n g  between c lean  su r faces  i n  vacuum i s  j u s t  another  

form of deformation and it is  be l ieved  t h a t  t he  combination of s l i d i n g  

and deformation w h i c h  occurs  between two 90° chisel  edges of r i g h t  

angles  can be more accu ra t e ly  con t ro l l ed  and permits  c o l l e c t i o n  of 

more reproducib le  da ta  then the twi s t ing  technique. When the edges 

a r e  of the same hardness,  l i t t l e  s l i d i n g  bu t  cons iderable  deformation 

occurs.  For edges of d i f f e r e n t  hardness considerable  s l i d i n g  occurs  

b u t  deformation is  less and occurs only on t h e  s o f t e r  specimen. Although 

the use of such specimens (90° crossed edges) r e q u i r e s  t h e  use of a 

more f l e x i b l e  w i r e  brush than is  now used i f  t h i s  method of c leaning  

i s  t o  be f u r t h e r  i nves t iga t ed ,  it appears  more l i k e l y  i n  the l i g h t  

of t h e  l a t e s t  r e s u l t s  t h a t  w i r e  brushing w i l l  be dispensed w i t h  i n  

favor  of ion  bombardment. The 90° c h i s e l  faces  w i l l  be even more 

s u i t a b l e  than  f l a t  f a c e s  f o r  th i s  method s ince  spu t t e r ing  i s  cans iderably  

g r e a t e r  a t  45O than a t  90' ( 7 ) .  
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It appears from the bake-out operations that the apparatus is 

suitable for testing specimens heated by radiation to at least 20OOC. 

Since space vehicles or moon shelter parts might actually attain 

such a temperature, it is proposed that some of the materials be 

tested at 2OOOC as well as room temperature. Although the apparatus 

was designed for room temperature testing, internally mounted quartz 

lamps now used for bake-out appear to work so well. that testing up 

to at least 2OOOC is considered practical. 

CONCLUSIONS 

Soft copper has no tendency to adhere to itself or to steel, 

titanium or Cu-Be alloy at lo” torr and room temperature after 

exposure to a pressure of torr at 250°C, even when severely 

deformed in compression. 

Wire brushing at lo” torr after heating to 25OOC at torr 

can cause at least 6% cohesion between flat faces of soft copper but 

not of soft steel at room temperature when slightly deformed in 

compression. 

Wire brushing of soft copper at lo” torr after heating to 25OOC 

at torr does not cause it to adhere to unbrushed steel, titanium 

or Cu-Be alloy, at room temperature after slight deformation in 

compression. 

No cohesion occurs between specimens of soft steel or of soft 

titanium when severely deformed in compression at lo-’ torr after 

exposure at torr at 25OOC. 

Much less cohesion occurs between pieces of soft copper after 

wire brushing in vacuum than after fracturing and re-joining in vacuum. 
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APPENDIX A 

CLEANING A SURFACE BY ION BOMBARDMENT 
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Ion bombardment c leaning of su r f aces  can be accomplished by 

t h e  use of an ion  gun which i s  used i n  a high vacuum chamber, or 

by i n i t i a t i n g  an e l e c t r i c a l  discharge between t h e  sur face  and an 

ad jacen t  p o s i t i v e  e l e c t r o d e  i n  a system a t  

l a t t e r  technique has  seve ra l  disadvantages: F i r s t ,  the maintenance 

of a r e l a t i v e l y  h igh  pressure  r equ i r e s  va lves  t o  i s o l a t e  the d i f f u s i o n  

pumps. Second, measurements of s c a t t e r i n g  or emission e f f e c t s  is 

impossible.  Third, m a t e r i a l  is o f t e n  spu t t e red  from other p a r t s  of 

the system c a ~ ~ a i n g  c~ztamination. r"ourt'n, maintenance of the p u r i t y  

of the gas  i n  the system is d i f f i c u l t .  

- 10-1 t o r r .  The 

Therefore,  it i s  p re fe rab le  t o  use an ion  gun which can d i r e c t  

a beam of ions  a t  t h e  specimen su r face  only,  t hus  permi t t ing  the 

system t o  opera te  a t  low pressures  even during the c leaning  per iod.  

The ion  gun must have a pressure  of 10-2 t o r r  w i th in  the gun 

c a v i t y  t o  maintain the discharge.  

orifice and is  d i r e c t e d  t o  t h e  t a r g e t  specimen. Some idea of t h e  

p re s su re  w h i c h  can be maintained i n  t h e  system can be obtained by 

comparing t h e  amount of gas  t y p i c a l l y  e f f u s i n g  from the gun wi th  

the pumping speed of t h e  system. A gun wi th  an i n t e r n a l  p re s su re  of 

An ion  beam is  emi t ted  through an 

t o r r  and an o r i f i c e  of 0.010-inch diameter would e f f u s e  approxi- 

mately 6 x 10-5 t o r r  l i ters  per  second of  a i r .  

pumping speed of 1000 l i ters per second a t  t h e  e x i t  from the t e s t  system 

I f  we  assume a n e t  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 

-A2 - 

then  t h e  system pressure would be 6 x lo-* t o r r  w i th  t h e  ion  gun 

opera t ing .  

t h e  specimen i n  a l a r g e  chamber i s  t h a t  t h e  r a t i o  of t h e  impingement 

r a t e  of the d e s i r e d  spec ie s  (Xe', f o r  example) t o  t h a t  of undesired 

s p e c i e s  (02, O+, CO, CO+, Cd+, etc.)  i s  l a r g e r  and more p r e c i s e l y  

known. Furthermore, t h e  energy and spec ie s  (Xe+  o r  Xe++)  of t h e  

impinging i n e r t  gas  ions  are more con t ro l l ab le .  The number of 

impinging nonionized i n e r t  gas  atoms may be g r e a t e r  o r  less than  i n  

a l o c a l  discharge b u t  t h i s  i s  of l i t t l e  consequence. 

The advantage of t he  ion  gun over a l o c a l  discharge t o  

It  is important t o  c o n t r o l  t h e  energy of the impinging ions  

s i n c e  ions  even of the i n e r t  gases pene t r a t e  i n t o  the metal  l a t t i c e  

if they  impinge w i t h  too g r e a t  an energy. This is  shown by curves 

of " s t i c k i n g  c o e f f i c i e n t "  versus  vol tage ,  obtained by measuring t h e  

amount of i n e r t  gas  given o f f  on subsequent hea t ing  i n  vacuum. 

Apparently, t h e  ions  a c t u a l l y  form s u b s t i t u t i o n a l  s o l i d  s o l u t i o n s  

w i t h  meta ls  and d i f f u s e  out on subsequent hea t ing  according t o  t h e  

usua l  d i f f u s i o n  laws. However, t h e  s t i c k i n g  c o e f f i c i e n t  curves  

i n d i c a t e  zero  s t i c k i n g  (penet ra t ion)  below a c r i t i c a l  vo l t age  f o r  

each type  of ion.  For example, argon ions  p e n e t r a t e  i n t o  tungs ten  

above 150 v o l t s  b u t  X e  i ons  r e q u i r e  200 v o l t s .  

To remove i n e r t  gases  from metals r e q u i r e s  r e l a t i v e l y  high 

temperatures s i n c e  the a c t i v a t i o n  ene rg ie s  of d i f f u s i o n  appear t o  

be comparable t o  t h a t  f o r  s e l f -d i f fus ion  of t h e  metal  i t s e l f .  The 

appara tus  being used i s  not  s u i t a b l e  f o r  high temperature specimen 

outgassing,  and s i n c e  the magnitude of the e f f e c t  of i n e r t  gas  ions  

i n  s o l i d  s o l u t i o n  on hardness and s t r a i n  hardening c o e f f i c i e n t  (which 

a f f e c t  cohesion) i s  n o t  known, it s e e m s  advisable  t o  s t a y  below the 
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C r i t i c a l  s t i c k i n g  c o e f f i c i e n t  vo l tages  if poss ib le .  Data i n  t h e  

l i t e r a t u r e  i n d i c a t e  t h a t  good "cleaning" ( r a t i o  of spu t t e red  atoms 
or i o n s  t o  impinging i o n s )  i s  poss ib l e  below these vo l t ages  b u t  there 

i s  some ques t ion  a s  t o  how e f f i c i e n t l y  the ion  guns can be made t o  

work a t  such low vol tage.  Obviously, the heavier  the impinging ion  

the better,  s i n c e  a l a r g e r  percentage of the energy i s  given up near  

t h e  su r face  and h igher  vol tage  can be used without  pene t r a t ion .  There- 

f o r e ,  xenon should be better than argon. Actual ly ,  it is  almost 

impossible t o  c lean  metal  sur faces  i n  vacuum a t  low temperature without  

changing the phys ica l  c h a r a c t e r i s t i c s  of the metal  su r f ace  somewhat. 

Abraaior;, eve: by a sharp wire brush ,undoubtedly work hardens the 

su r face  t o  some ex ten t .  

There i s  considerable  i n t e r e s t  i n  t h e  e f f e c t  of proton bombard- 

ment s i n c e  t h e  proton f l u x  i n  space and on t h e  moon is  apparent ly  

s u f f i c i e n t  t o  remove su r face  oxides a t  l e a s t  from some m e t a l s  i n  

reasonable  per iods  of t i m e .  I n  f a c t ,  proton bombardment i s  the 

only mechanism a s i d e  f r o m  abrasion by w h i c h  m o s t  meta l s  could lose 

t h e i r  oxide f i l m s  i n  reasonable pe r iods  of t i m e  i n  space except  a t  

h igh  temperatures.  Therefore,  although proton bombardment was n o t  

included i n  t h i s  program it i s  hoped t h a t  the ion  guns w i l l  prove 

s u i t a b l e  f o r  opera t ion  w i t h  hydrogen a s  w e l l  a s  w i t h  xenon, and f o r  

ope ra t ion  a t  t h e  10 kv o r  so required f o r  proton f l u x  space simul- 

a t i o n .  The f l u x  d e n s i t y  of protons i n  space i s  low enough t o  be 

e a s i l y  exceeded i n  the laboratory.  
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I O N  GUN DESIGN 

Design of the ion guns was preceeded by considerable  s tudy of 

the l i t e r a t u r e .  None of the commercially a v a i l a b l e  u n i t s  w e r e  s u i t -  

a b l e  f o r  di rect  attachment t o  t h e  apparatus.  Therefore,  a s p e c i a l l y  

designed gun was f ab r i ca t ed .  The design i s  shown schematical ly  i n  

Fig.  1A. 

Pure xenon gas  i s  bled i n  a t  t h e  r a t e  requi red  t o  maintain a 

pressure  of 

inch diameter o r i f i c e  i n  the aluminum o r i f i c e  p l a t e .  A discharge 

is  t o  be e s t a b l i s h e d  by applying a s u i t a b l e  vol tage  a t  r a d i o  

frequencies ,  if necessary,  between the o r i f i c e  p l a t e  and the conical 

pole  piece through which the gas e n t e r s .  An in t ense  magnetic f i e l d  i s  

e s t a b l i s h e d  between t h i s  conica l  po le  p i ece  and the con ica l  po le  

p iece  on t h e  o ther  side of the aluminum o r i f i c e  p l a t e ,  by means of 

the permanent magnets clamped t o  t h e  hexagonal f a c e s  of these pole  

p i eces  w h i c h  a r e  composed of an i ron-cobal t  a l l o y  w i t h  h igh s a t u r a t i o n  

f l u x  dens i ty .  Mica i s  placed under one end of t h e  magnets f o r  

e l e c t r i c a l  i n s u l a t i o n .  The second pole p i ece  a l s o  se rves  a s  the ion  

e x t r a c t o r  w h i c h  may r e q u i r e  a s  much a s  30 kv f o r  e f f i c i e n t  e x t r a c t i o n .  

The ions  then  pass  through an Einzel  l e n s  w i t h  i t s  cen te r  s e c t i o n  i n  

t h r e e  segments t o  permit beam d e f l e c t i o n  a s  w e l l  a s  focusing. 

t o r r  t o  10-1 t o r r ,  on the i n l e t  s i d e  of the 0.010- 

The whole assembly including the magnets ( w h i c h  a r e  pol i shed)  

i s  loca ted  wi th in  the vacuum system, t h e  d ischarge  chamber being 

i s o l a t e d  by aluminum gaske t s  between t h e  f l a t g r d m d  ends of the 

tubu la r  g l a s s  i n s u l a t o r s  and machined f aces  on t h e  pole  p iece  and 
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LEGEND FOR FIGURE 1A - ION GUN 

Gas I n l e t  

Gold "0" Ring 

Magnets (s ix)  

Glass Tubes 

Aluminum Def lec tors  (Three Sec to r s )  

Einze l  Lens 

T i e  Rods 

S t a i n l e s s  Steel Pipe (4" diameter)  

Mica 

Ion  Ex t rac to r  (and po le  p i ece )  

Aluminum O r i f i c e  P l a t e  

Aluminum F o i l  

Pole Piece (Fe-Co) (Hexagonal Faces) 

Ceramic I n s u l a t o r  

S t a i n l e s s  Steel P l a t e  

Boron N i t r i d e  Bushing 

Ceramic I n s u l a t o r s  (s ix)  
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o r i f i c e  p l a t e .  The assembly i s  mounted on a t h i c k  s t a i n l e s s  s teel  

p l a t e  which f i t s  on t h e  end of t h e  4-inch diameter vacuum chamber 

s i d e  arm. A gold "0" r i n g  .030-inch i n  diameter w i l l  be used f o r  

t h e  vacuum s e a l  a t  t h i s  po in t .  All e l e c t r i c a l  connections a r e  

brought ou t  through ceramic-to-metal sea led  i n s u l a t o r s ,  mounted 

i n  t h e  p l a t e .  

temperatures  u s u a l l y  used f o r  Pyrex g l a s s .  

Construction i s  such a s  t o  permit baking ourt a t  

These guns a r e  of t h e  type which r e q u i r e s  t h e  establ ishment  

of a small  volume of i n t e n s e l y  ionized gas  on one s i d e  of a small  

o r i f i c e  and the e x t r a c t i o n  of ions  i n t o  a r e l a t i v e l y  good vacuum 

on t h e  o the r  s i d e  of t h e  o r i f i c e  by a conica l  high vol tage  electrode. 

An a x i a l  magnetic f i e l d  is provided t o  h e l p  keep t h e  zone of 

i o n i z a t i o n  or  plasma near t h e  center .  

h o t  cathodes,  and some use R.F.  t o  maintain t h e  plasma on t h e  high 

p res su re  (20  t o  100 microns) s ide  of t h e  o r i f i c e .  The amount of ion  

cu r ren t  ob ta inable  from such guns depends l a r g e l y  on t h e  degree of 

i o n i z a t i o n  of t h e  gas  j u s t  i n  f r o n t  of t h e  o r i f i c e .  

c u r r e n t s  equiva len t  t o  complete i o n i z a t i o n  r e q u i r e s  extremely 

in t ense  a r c  type  d ischarges  and the a t t e n d a n t  use of water cool ing,  

r e f r a c t o r y  m a t e r i a l s ,  etc. 

Some guns of t h i s  type  use 

To ob ta in  

Since a f l o w  of only .177 t o r r  l i t e r s  per  second r e p r e s e n t s  one 

ampere of s i n g l y  charged ions  and s i n c e  t h e  flow of xenon involved 

(.OlO" o r i f i c e  a t  3 x t o r r )  i s  about 3 x t o r r  l i ters per 

second, complete i o n i z a t i o n  and e x t r a c t i o n  would correspond t o  about 

1.0 m i l l i -ampere . 
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Since only 10 l6  impingements should be requi red  f o r  c leaning  

and one ampere corresponds t o  6.24 x lo1* impingement per second, 

a c u r r e n t  of about 1 micro-ampere should be s u f f i c i e n t  f o r  c leaning  

i n  1000 seconds. 

through the o r i f i c e  must be ionized and guided t o  the specimen. 

was fe l t  t h a t  t h i s  should be poss ib l e  using a low power R.F. o r  

D . C .  glow discharge a t  10-I t o  

magnets. 

This means t h a t  a t  l e a s t  0.1% of the gas  passing 

It 

t o r r ,  concentrated by permanent 

The h o l e s  i n  the o r i f i c e  p l a t e s  a r e  .010" diameter and .005" t o  

.clrlO" I m g ,  The magnets were polished and the= r e m m - + i 7 4 -  Y--- ---- F i c p r e  

2A shows one of the guns assembled except  f o r  wir ing.  The base  p l a t e s  

w e r e  b o l t e d  i n  p lace  a g a i n s t  t he  gold "0" r i n g s  f o r  the pumpdown and 

bake-out and found t o  be vacuum t i g h t .  A l o w  power  h igh  vo l t age  

power supply was procured f o r  ion e x t r a c t i o n .  Severa l  other  

power supp l i e s  w e r e  a l s o  required.  A f t e r  i n s t a l l i n g  xenon gas  b o t t l e s ,  

s p e c i a l  valves f o r  gas  flow con t ro l  and t h e  necessary wir ing  and 

ins t rumenta t ion ,  the appearance of t h e  apparatus  was a s  shown i n  

Figure 3A. 

Two e l e c t r o n  c o l l e c t i n g  devices w e r e  a l s o  b u i l t .  These a r e  small  

metal  c y l i n d e r s  wi th  a con ica l  ho le ,  an anode and a g r i d  t o  be mounted 

a t  an angle  t o  the specimen face w h i l e  it is  bombarded w i t h  xenon 

ions.  On the b a s i s  of a l i t e r a t u r e  survey it is  a n t i c i p a t e d  t h a t  t h e  

r e l a t i v e  degree of c l e a n l i n e s s  of the specimen s u r f a c e s  can be reduced 

by measuring the r e l a t i v e  number of e l e c t r o n s  produced per xenon ion  

impingement. 
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Figure 3A - Cohesion Apparatus Complete with Ion Gwx 
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The apparatus  was evacuated and var ious  D.C. vol tages  appl ied  

t o  t h e  elements of the ion  guns w h i l e  varying t h e  pressure  of xenon. 

P l a t e s  coated wi th  a phosphor and grounded through a microammeter 

w e r e  used a s  t a r g e t s  i n s t ead  of specimens. 

The major problem with t h e  ion guns was the maintenance of a 

s u f f i c i e n t  ion  c u r r e n t  between t h e  o r i f i c e  p l a t e  and the gas  i n l e t  

cone t o  f u r n i s h  t h e  requi red  r e s e r v o i r  of p o s i t i v e  ions.  The xenon 

i n l e t  p re s su re  was va r i ed  from 2 5  microns t o  300 microns, correspond- 

ing  t o  5 x t o r r  and 9 x t o r r  vacuum chamber p re s su re ,  The 

orifice plate w a s  kept at 4-200 volts above ground, since it determines 

the f i n a l  ion  v e l o c i t y  and higher vo l t ages  a r e  repor ted  t o  cause 

xenon occlusion,  A t  f i r s t ,  d ischarge occurred through the e x t e r n a l  

g l a s s  tub ing  t o  t h e  metering valves.  

was obtained i n  t h e  r e s e r v o i r  a t  160 t o  190 microns Hg xenon p res su re  

using 500 v o l t s  D.C. 

amps ion  c u r r e n t  was thus  obtained. A t  3 kv a small  negat ive c u r r e n t  

was obtained a t  t h e  t a r g e t  and a t  5 kv an e r r a t i c  discharge occurred. 

Appl ica t ion  of a Tesla c o i l  t o  e i t h e r  the o r i f i c e  p l a t e  o r  t h e  i n l e t  

cone doubled t h e  ion  cu r ren t  i n  t h e  r e s e r v o i r  bu t  i n t e r f e r e d  w i t h  t h e  

microammeter reading t o  the t a r g e t .  

Af t e r  these w e r e  i n s u l a t e d  400 p a  

With 2 kv on t h e  ion  e x t r a c t o r s ,  only .4 x 1 0 - l - O  

The  following measures w e r e  then  taken i n  an e f f o r t  t o  e s t a b l i s h  

an ion  beam. The magnets w e r e  removed from one gun (two a r e  being 

tested) i n  order  t o  s impl i fy  i n t e r n a l  i n s u l a t i o n  problems and reduce 

t h e  apparent  r e s i s t a n c e  of the gas i n  f r o n t  of the o r i f i c e  p l a t e .  The 
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other gun was f i t t e d  with a tungsten f i lament  h e a t e r  i n s i d e  t h e  

i n l e t  cone near  t h e  o r i f i c e .  An RF o s c i l l a t o r  (150 w a t t )  was 

obtained t o  a s s i s t  i n  generat ing i o n s  and a higher  vol tage  supply 

obtained f o r  t h e  ion  e x t r a c t o r .  A v a r i e t y  of c i r c u i t s  w e r e  then  

tr ied i n  quick succession b u t  it soon became apparent t h a t  v i s u a l  

observa t ion  of t h e  shape and loca t ion  of the plasma was abso lu te ly  

e s s e n t i a l  and t h a t  the necessary v i s i b i l i t y  would have t o  be provided 

be fo re  f u r t h e r  a t tempts  would be worthwhile. It is  believed t h a t  a 

simple R.F. d i scharge  between the  i n l e t  cone and t h e  o r i f i c e  p l a t e ,  

as  O r i y L i r S r r y  *-;- 1 1 - 7  r A u l A A k u ,  -1 5mqnA ~l lay suffice if windows f o r  viewing t h e  dis-  

charge a r e  provided. 

mount one i n  a g l a s s  tube on a sepa ra t e  system and run tes ts  us ing  

argon . 

The next  s t e p  i n  p e r f e c t i n g  the guns i s  t o  


